Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting millions of people around the world. In addition, AF has a significant health, economic, and social impact. Because of technological advances and improved operator experience, radiofrequency ablation for rhythm control of AF has become increasingly common. The efficacy of pulmonary vein isolation using radiofrequency ablation has been well established, but major complications have been reported in 4.5% of patients.
suggesting that direct mechanical trauma during the procedure is not likely the sole mechanism underlying this complication. 5, 6 The incidence of esophageal lesions during radiofrequency ablation has been reported as 2-47%. [7] [8] [9] [10] [11] Various techniques have been examined to reduce the risk of esophageal injury during radiofrequency ablation. These include imaging the esophagus during ablation, limiting energy delivery on the posterior left atrial wall, using mechanical deflection of the esophagus during catheter ablation, insulating the esophagus from thermal injury, and monitoring luminal esophageal temperature (LET) during the procedure. 6, 9, [12] [13] [14] [15] [16] [17] All reports on esophageal temperature monitoring during AF ablation are from single-center studies with small sample sizes. The aim of this meta-analysis is therefore to evaluate the role of luminal esophageal temperature monitoring in preventing thermal esophageal injury on the basis of pooled data available in the literature.
Methods
We searched the PubMed, Scopus, Cochrane, Embase, and Refworks databases for studies published from January 2004 to June 2016 that compared radiofrequency ablation for AF with and without LET monitoring. We searched the title field for terms esophageal temperature monitoring, AF, radiofrequency ablation, AE fistula, and thermal esophageal injury. We included only studies in which . Fixed-effects modeling was primarily used to conduct the outcomes meta-analysis from the included studies. The pooled incidence rates of thermal esophageal injury for patients in the esophageal temperature monitoring arm and in the no esophageal temperature monitoring arm were derived from the studies that we identified as meeting our criteria. The pooled odds ratios were then calculated for the comparisons. Because of the significant heterogeneity among the studies, we conducted a metaregression analysis to determine the differences in the incidence of esophageal lesions using 2 different strategies after adjusting for age and sex. The meta-analysis has been reported in accordance with the Observational Studies in Epidemiology Guidelines.
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Results
Our search resulted in the identification of 4 non-randomized controlled trials that met our search criteria (Table 1) . 10, [19] [20] [21] In the first study published in 2008, Singh et al 21 retrospectively analyzed 81 consecutive patients who had undergone AF ablation followed by EGD and compared the LET vs no LET groups. They noted a significantly higher frequency of esophageal injury in patients who had not undergone LET monitoring during ablation. Subsequently in 2011, Deneke et al 19 reported a higher incidence of esophageal injury in patients who underwent LET monitoring than in those who did not undergo LET monitoring during AF ablation. This study included 90 patients. These results were consistent with those reported by Muller et al 20 in 2015 who evaluated 80 patients who underwent AF ablation. They noted a significantly higher incidence of esophageal injury in the analyzed 160 patients who underwent AF ablation with or without LET monitoring. They reported a significantly lower incidence of esophageal injury in the LET monitoring group. We have reported the ablation parameters and the esophageal temperature probes used in these four studies in Table 2 .
The total number of patients included in our analysis was 411. Of these, 235 patients underwent LET monitoring and 176 did not undergo LET monitoring during radiofrequency ablation of AF. All patients underwent EGD to determine the presence of post-ablation esophageal thermal injury, which was defined as the primary endpoint. Thermal esophageal injury was seen in a total of 21 (9%) patients in the LET monitoring group and 12 (7%) patients in the no LET monitoring group. In a meta-analysis of these 4 studies, a fixed-effects model showed that the pooled odds ratio was 0.66(confidence interval, 0.23-1.89) (Figure 1 ). The Z score was 0.77 (P value = 0.44) that failed to reach statistically significant difference between the two groups with regard to thermal esophageal injury. We observed significant heterogeneity because of the small sample size and non-randomized nature of the studies. In the meta-regression analysis in which the data were adjusted for age and sex, there was no significant difference in outcomes of esophageal thermal injury between the two groups.
Discussion
LET monitoring during left atrial radiofrequency ablation for AF is frequently used to try to minimize excessive esophageal thermal injury, thereby reducing the risk of developing AE fistula. Here, we present the first meta-analysis of studies evaluating LET monitoring during AF ablation. Our findings indicate that there is no conclusive evidence at this point supporting the use of esophageal temperature monitoring in prevention of esophageal mucosal injury during radiofrequency ablation of AF.
The close proximity of the esophagus to the posterior left atrial wall is one of the most important factors contributing to esophageal mucosal injury during AF ablation. [22] [23] [24] Thermal injury is thought to affect the microvasculature of esophageal tissue leading to ischemic necrosis of the mucosal layers. 6 Multiple studies have reported esophageal thermal injury after AF ablation. Redfearn et al 25 and Perzanowski et al 26 reported that real-time monitoring of esophageal luminal temperature during AF ablation was feasible and could be used to detect esophageal heating. They also suggested luminal esophageal temperature monitoring as a means of reducing esophageal injury. Maximal LET of 40°C-41°C has been shown to be directly associated with an increase in the incidence of esophageal lesions.
8, 16 Halm et al8 have demonstrated significantly increased odds of esophageal injury for every 1°C rise in LET. Singh et al 21 were the first to report a reduction in the incidence of esophageal injury with the use of esophageal temperature monitoring during AF ablation. However, various limitations of LET monitoring have been recognized. Deneke et al 19 and Muller et al 20 have suggested that esophageal temperature monitoring may increase the risk of esophageal mucosal injury. The proposed underlyingmechanism is that the esophageal temperature probe itself may act as a conductor for the transfer of heat energy to the esophagus, thereby increasing the thermal injury risk. However, in a simulation study, Perez et al 27 showed that the temperature increase in the esophagus is due primarily to thermal conduction only and that electrical conduction between the ablation catheter and the esophageal probe does not play a significant role.
One of the major limitations of LET monitoring is the underestimation of temperature of esophageal intramural tissue. 28 Because the direct monitoring of esophageal intramural tissue temperature is not currently feasible, luminal temperature monitoring is the best strategy available. The major drawback of LET monitoring is that it does not accurately reflect the esophageal intramural tissue temperature because of the variable and unpredictable distance between the temperature probe and the anterior wall of the esophagus. In addition, the physical composition and dimensions of the tissue between the posterior left atrium and the esophagus vary significantly among individual patients. Furthermore, the safe maximal LET and critical temperature rise from the standpoint of esophageal injury remain to be established. Another major limitation to the monitoring of esophageal temperature is the variability among different thermistor probes. Recently, investigators reported a significant difference in thermodynamics with the use of two different esophageal probes in both experimental and clinical settings. 29 All of these factors may limit the ability of LET monitoring to accurately predict esophageal damage during ablation. In addition, given the extremely low incidence of AE fistula, esophageal thermal injury has been used as a surrogate marker to predict the risk of fistula formation in all major studies. Our understanding of the evolution of AE fistula from esophageal thermal injury remains incomplete.
Our study has limitations. The non-randomized nature of the studies in our meta-analysis as well as the small number of studies/patients available limit our findings and indicate the www.jafib.com need for a large-scale, randomized multicenter trial. Another limitation of our analysis was the significant heterogeneity. noted among the studies. The ablation parameters and the esophageal temperature probes used in the four studies varied (Table 2 ). In addition, we examined only the use of esophageal temperature monitoring in preventing esophageal mucosal injury. Other approaches such as limiting the power and duration of the delivery of radiofrequency energy at the posterior left atrial wall, using a deflectable esophageal probe or previous esophageal imaging, and insulating the esophagus were not evaluated in this meta-analysis, which could have affected the incidence of thermal esophageal injury in these studies.
Use of esophageal temperature monitoring during cryoballoon ablation for atrial fibrillation.
When approved initially by FDA, the risk of esophageal injury with cryoballoon (Medtronic, Inc.) ablation of atrial fibrillation was perceived to be minimal. However, atrio-esophageal fistulas have been reported with both firstgeneration and second generation cryoballoons [32] [33] . Risk of thermal esophageal injury during cryoballoon ablation has been reported to be 2% to 19% depending on the lower esophageal temperature cut-offs used [34] [35] [36] . While the risk of esophageal Pooled odds ratio after meta-analysis using a fixed-effects model. There is no significant difference between the incidence of esophageal injury between LET monitoring and no LET monitoring groups. Odds Ratio -0.66, 95% CI (0.23, 1.89).
Future Directions
Accurate esophageal wall temperature monitoring probes are currently being studied and will aid in the real-time identification of early esophageal heating, which will help reduce the risk of esophageal thermal injury. Safe retraction of the esophagus away from the ablation plane by using mechanical probes such as EsoSure (Northeast Scientific Inc., Boynton Beach, Florida) is also under evaluation. Capsule endoscopy is a reliable tool for detecting esophageal injury after AF ablation without the risk of insufflation with EGD. 7 Recent data also suggests that esophageal injury from radiofrequency ablation is not limited to mechanical damage but also involves esophageal dysmotility. 30 Incorporation of improved tools such as capsule endoscopy and assessment of both mechanical and functional esophageal injury will help design better injury increases at temperatures below 30 C, an esophageal cut-off temperature of 10-120 C has been suggested, given the progressive decline in temperature after cessation of ablation [35] [36] . Furkranz et al demonstrated a reduction in esophageal injury from 18.8% to 3.2% by use of LET guided cryoballoon ablation 34 . Based on current evidence available, it seems vital to use LET monitoring for assessing esophageal cooling than relying primarily on cryoballoon temperatures.
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Conclusion
In this first meta-analysis of studies evaluating LET monitoring during AF ablation, we found that the evidence from nonrandomized clinical trials supporting its role in preventing esophageal mucosal lesions is far from conclusive. Randomized controlled trials are necessary to evaluate the true impact of LET monitoring. Furthermore, advances in the technology for temperature monitoring and diverting the esophagus further away from the ablation site may improve our strategies for avoiding esophageal thermal injury.
